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a b s t r a c t

The aim of this work was to study the biological effects of four monoterpenes, i.e. �-pinene, �-pinene, 3-
carene andd-limonene present in the wastewater of a citrus transformation factory. The study was carried
out by exposing V79 Chinese hamster cells to single terpene or to the mixture of four terpenes at concen-
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eywords:
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trations corresponding to those in the wastewater evaluated by head space solid phase micro extraction
and gas chromatography (HS-SPME-GC) analyses. Treatments with single or combined terpenes similarly
affected cell vitality, but only the combined treatments induced the 6-thioguanine resistant mutants.
Moreover the photocatalytic degradation of the four terpenes was successfully achieved with the photo-
catalyst TiO2 Degussa P25 in both the actual effluent and in synthetic solutions.
erpenes mutation assay
iO2 photocatalysis

. Introduction

Terpenes are a family of hydrocarbons present in essential oils
f a great variety of plants to which they confer a particular fra-
rance. They carry out important functions inside the plants related
o their growth and moreover they work as a communication lan-
uage with the environment. In fact a lot of both volatile and
on-volatile terpenes are involved in the attraction of pollinators
nd in defence against predator insects, herbivores and microbes
1–3]. They are secondary metabolites produced from photosyn-
hetic carbon through the mevalonate pathway. The main enzymes
nvolved in this process are terpene synthases which are organized
n a large gene families; it is know that the expression of these genes
s regulated not only by temporal or spatial factors but also by some
iotic and abiotic stimuli. This high regulation determines the pro-
uction of different types of terpenes distributed in different parts
f the plant such as flowers, fruits, leafs and roots [4–6]. In the past,
ssential oils have been used as natural remedy [7]; today they

re also added in fruit juices, soft drinks, ice cream as flavouring
gents; moreover, they are present in house detergents, cleaning
roducts, soaps, perfumes and cosmetics. Since essential oils and
herefore terpenes, are widely diffused in the environment and par-

∗ Corresponding author. Tel.: +39 09123863746.
E-mail address: palmisano@dicpm.unipa.it (L. Palmisano).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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ticularly in water, because of human use, and in air, because of
natural emission, it is also important to establish if these molecules
are dangerous for environment and human health. Only few con-
flicting studies exist [8–10] on the biological effects of essentials
oils and terpenes that are ubiquitous in the environment [11]. It is
worth noting that essential oils have a broad spectrum of bioactiv-
ity because of the presence of several active components working in
various ways [12]. Menthol, for example, has been used since many
years in medication for throat irritation. Recently this terpene has
been also used as additive in cigarettes and it has been hypothesized
that it is responsible for increasing the nicotine dependence and for
causing respiratory depression [13]. Heterogeneous photocatalysis
is one of the advanced processes of oxidation more developed in the
last years [14,15]; this process uses semiconductor oxides irradi-
ated with UV or near-UV light at ambient temperature and pressure
and in the presence of oxygen. The fundamental mechanism of pho-
tocatalysis consists in the generation of electron–hole pairs, which
determine the occurrence of redox reactions of species adsorbed on
the photocatalyst surface. This method has been successfully used
for wastewater treatment and it is suitable to perform the complete
degradation of organic and inorganic pollutants, the reduction of
several metal ions, the inactivation of many aerobic bacteria, etc.

Titanium dioxide is extensively used as photocatalyst due to its
high chemical stability, optical and electronic properties [16], low
cost, and absence of toxicity. The aim of the present study was to
evaluate biological effects in cultured mammalian cells of four ter-
penes, i.e. �-pinene, �-pinene, d-limonene and 3-carene present

dx.doi.org/10.1016/j.jhazmat.2010.09.059
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:palmisano@dicpm.unipa.it
dx.doi.org/10.1016/j.jhazmat.2010.09.059


5 ardou

i
t
L
s
H
t
l
a
j
o
w
i

2

2

c
i
w
T
s

2

t
o
a
s
o

2

t
q
t
w
a
a
e
l
h
V
t
i

92 I. Catanzaro et al. / Journal of Haz

n actual aqueous effluents derived from a citrus fruit transforma-
ion factory that utilizes biological treatments to purify wastewater.
ittle information is known on their genotoxicity and their pos-
ible photocatalytic degradation. An analytical investigation by
S-SPME-GC was carried out and the possibility to photodegrade

hese molecules by using polycrystalline TiO2 irradiated with UV
ight was investigated. Both synthetic solutions of the four terpenes
nd some actual samples containing dissolved terpenes were sub-
ected to photocatalytic tests. The terpenes listed above are some
f the most important terpenes present in a citrus essential oil and
ere considered since were those found in highest concentrations

n the actual industrial effluents.

. Experimental

.1. Chemicals

Terpenes were purchased from Sigma–Aldrich. For the biologi-
al study fresh solutions were prepared by dissolving each of them
n a complete medium supplemented with 0.5% DMSO (Sigma),

hile methanolic solutions were prepared for the analytical study.
he photocatalytic experiments were carried out by using aqueous
olutions of the substrates.

.2. Wastewater samplings

Samples were collected in a citrus fruit transformation factory
hat utilizes biological treatments to purify wastewater. The types
f aqueous effluents studied were: washing water (A), untreated (B)
nd treated (C) wastewater. Three samples were collected at each
ampling location named A, B, and C during the period of activity
f the factory between 2008 and 2009 (see Fig. 1).

.3. HS-SPME-GC analyses

The combination of HS-SPME-GC/FID offers high instrumen-
al sensitivity allowing for the simultaneous identification and
uantification of each terpene both in the industrial and syn-
hetic samples. 110 ml of each type of aqueous actual effluent
ere poured into a 125 ml amber bottle. The bottle was immedi-

tely plugged with septa in polytetrafluoroethylene (PTFE)/silicon
nd maintained at 4 ◦C. Just before the analyses the bottle was
quilibrated at 40 ◦C for 30 min to achieve the partition equi-

ibration of volatile compounds between the sample and the
eadspace. The use of HS-SPME allowed both the extraction of
OCs from various kinds of matrices and their concentration before

he analyses [17,18]. The determination of the quantity of VOCs
n water implied the use of equilibrium partitioning coefficients

Fig. 1. Schematic representation of the citrus fruit transformation system. (A), (B), an
s Materials 185 (2011) 591–597

at the air–water interface. In fact, these coefficients depend on
pressure, adsorption time and temperature [19]. At constant tem-
peratures each volatile compound contained in the sample was
distributed among fibre–air–water phases. The quantity of ter-
penes contained in each phase depended exclusively on their
original concentration in the water sample when the water and
air volumes (head space) and the adsorption temperature were
set. The choice of the fibre to be used throughout this study was
done by testing preliminary a HS-SPME device and the fused sil-
ica fibres coated with PDMS having 100 �m thickness, or with a
Carboxen/polydimethylsiloxane (CAR/PDMS) having 85 �m thick-
ness, or with a divinylbenzene/Carboxen/polydimethylsiloxane
(DVB/Carboxen/PDMS) having 50/30 �m thickness (Supelco). In all
cases the fibres were conditioned following the indications of the
producer. The monophase PDMS fibre/HS-SPME was the best one
according to the Fij criterion function introduced by Zuba et al.
[20] and modified by Hamm et al. [21]. Adsorption and desorption
times were optimized by performing the tests at different times,
thus obtaining a compromise between the speed of the analyti-
cal procedure and the recovery of the sample. The adsorption time
was fixed at 10 min and the desorption of the fibre was allowed
to occur in the injector at 250 ◦C for 2 min in splitless mode. A
complete analysis run of 52 min, including extraction time, is nec-
essary to quantitatively recognize all the compounds. For each
sample three SPME extractions and desorptions were realized. All
the analyses of the synthetic solutions and the linear calibration
plots (R between 0.993 and 0.999) were performed using stock solu-
tions obtained by diluting the four standards methanolic terpenes
solutions (200 ppm) in ultrapure water to concentrations ranging
between 5 and 500 ppb (standard deviation <15%). The limit of
detection (LOD) was fixed between 1 and 3 ppb, i.e. when the signal
was three times higher than the noise. Conversely, the limit of quan-
tization (LOQ) was fixed between 3 and 5 ppb, i.e. when signal was
10 times higher than the noise. Chromatographic analyses were
performed on a Shimadzu GC 2010A equipped with a Supelcowax
(CW) column (Supelco) 30 m long, 0.25 mm I.D., 2.5 �m thick and a
FID detector. A temperature programme from 60 ◦C (maintained for
3 min) to 130 ◦C with 15 ◦C/min ramp rate and then to 240 ◦C (main-
tained for 1 min) was set. The linear velocity of the carrier gas (He,
99.9995%) was fixed at 25.9 cm/s. The FID temperature was set at
250 ◦C.

2.4. Cell culture
V79 Chinese hamster cells were cultured in D-MEM (Gibco,
Invitrogen), supplemented with 5% foetal calf serum (Invitrogen),
penicillin (100 U/ml) and streptomycin (100 �g/ml) and main-
tained at 37 ◦C in a 5% CO2 humidified incubator.

d (C) indicate the washing, the untreated and the treated wastewater samples.
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Table 1
Concentrations (ppb) of terpenes found in sample A, B and C derived from the citrus
transformation factory (2008).

�-Pinene �-Pinene 3-Carene d-limonene

A 58.12 144.21 4.02 11.09

present in the treated effluents (sample C) and also the other three
terpenes were present, although in small concentrations. In this
case the untreated effluent B was not available, and probably the
observed results can be explained by considering a different and

Table 2
Concentrations (ppb) of terpenes found in sample A and C derived from the citrus
transformation factory (2009).
I. Catanzaro et al. / Journal of Haz

.5. Clonogenic assay

V79 hamster cells were seeded at 3 × 102/dish and incubated for
8 h. For each sample 3 dishes were prepared. Cells were exposed
or 1 h to single terpenes at concentration corresponding to those
ound in the washing water (A) for 1 h, and to aqueous solutions
ontaining the four terpenes at concentrations corresponding to
hose revealed in the washing water (A), untreated (B) or treated
C) wastewater for 1, 6, 12, 24 and 36 h at 37 ◦C. After the treat-

ent, the cells were washed twice with Hanks’ salt solution and
eft in fresh medium for 10 days. Colonies were stained with 0.1%

ethylene blue and counted, the relative cell survival calculated
nd compared to the control (V79 untreated cells). Three indepen-
ent experiments were carried out for treated and unexposed cells
Control). Data are presented as mean ± SD (standard deviation).
tatistical analysis was performed using the Student t-test.

.6. Mutation assay

V79 hamster cells were seeded at 5 × 106 cells/dish, incubated
or 18 h and then treated for 1 h at 37 ◦C with single terpenes at con-
entrations corresponding to those revealed in the washing water
A), untreated (B) and treated (C) wastewater. After treatment the
ells were washed twice, collected by trypsinization and counted.
he untreated culture was also washed twice and counted. Cells
or each culture were respread into ten 100 mm dishes (5 × 105

ells/dish) in a medium containing 30 �g/ml 6-thioguanine (TG,
igma) for TGr clone selection or into three 60 mm dishes (3 × 102

ells/dish) in non-selective medium to estimate cell survival at T0.
or each culture, in addition, 106 cells were also subcultured in fresh
edium and incubated to allow the expression of the mutation

or further 72 h. At that time (T72), the cultures derived from each
reatment were tested for TGr clone selection and survival. After 12
ays incubation, the total number of colonies surviving in TG and
hose growing in non-selective medium were counted to estimate
he TGr mutant frequency calculated as the number of mutants
er 106 survivors. The response was considered significative when
he mutant frequency was at least more than twice the sponta-
eous frequency. Three independent experiments were carried out

or treated and untreated cells. Data are presented as means ± SD
standard deviation). Statistical analysis was performed using the
tudent t-test.

.7. Photocatalytic experiments

Aqueous synthetic solutions containing the four terpenes in
oncentration of 8.40 mg/l (6.16 × 10−5 M) were prepared using
ommercial standards. The concentration used in the photocat-
lytic runs was up to ca. three order of magnitude higher than
hose found in the washing, untreated and treated wastewater
f the studied citrus fruit transformation factory. Photocatalytic
egradation experiments were carried out in a hermetically sealed
hotoreactor (V = 280 ml) containing 100 ml of substrate aqueous
olution and 0.4 g l−1 of polycrystalline TiO2 Degussa P25 (ca. 80%
natase; 20% rutile). Before starting the irradiation, the reacting
uspension was magnetically mixed for ca. 30 min to achieve the
dsorption/desorption equilibrium of the terpenes. The artificial
adiation source was a 400 W medium pressure mercury lamp
Helios Italquartz) placed 20 cm from the reacting suspension.
he lamp was placed externally and irradiated the photoreactor
rom the above. A water filter was located between the lamp and

he photoreactor to cut-off the infrared radiation and to main-
ain the temperature inside the reactor at approximately 300 K.
he irradiance reaching the reacting suspension, measured in the
avelength range 320–390 nm with a UVX Digital radiometer, was

a. 1.5 mW cm−2. In order to monitor the evolution of the ter-
B 85.29 525.19 103.10 181.25
C Negligible Negligible Negligible 16.07

washing water (A), untreated (B) and treated (C) wastewater.

penes concentration during the runs, samples of the gas phase
(200 �l) present in the head space were withdrawn from the reac-
tor and analyzed by using a Shimadzu GC-17A gas-chromatograph
equipped with an Alltech AT-1 (30 m × 0.53 mm ID) column and a
FID. Standard solutions of each terpene were prepared and calibra-
tion plots were drawn and used. The amount of CO2 deriving from
the complete oxidation of carbon present in the substrates was
monitored throughout the runs using a HP6890 gas chromatograph
equipped with a Carboxen column and a TCD. The experiments
with the industrial wastewater were carried out in a 1.5 l Pyrex
cylindrical batch photoreactor with an immersed lamp, continu-
ously bubbling oxygen in the suspension and using an amount of
TiO2 Degussa P25 equal to 0.4 g l−1. The suspensions were mag-
netically stirred throughout the runs and irradiated by a medium
pressure mercury 500 W lamp (Helios Italquartz, Milano). The
irradiance reaching the reacting suspension, measured in the wave-
length range 320–390 nm with a UVX Digital radiometer, was ca.
17 mW cm−2. In these cases, due to the complexity of the solution
in which all the four terpenes under investigation were present
along with other unknown species, only the total dissolved organic
carbon (TOC) was analyzed. The analyses were performed at fixed
intervals of time by using a Shimadzu 5000A instrument (error:
±1 ppm), after separation of the photocatalyst from the suspension
with 0.1 �m filters (Millex, Millipore).

3. Results and discussion

3.1. HS-SPME-GC analyses

The concentrations of the terpenes under investigation found
in 2008 in samples A, B and C, that correspond to washing water,
untreated and treated wastewater, respectively, are reported in
Table 1. The results indicate that all the four terpenes were present
in samples A and B at different concentrations. It can be observed
that the concentrations of terpenes were higher in sample B, due to
the fact that in this effluent washing water and water from citrus
fruit transformation were collected. Sample C, instead, showed only
the presence of d-limonene, and its concentration is one order of
magnitude smaller that the starting one (sample B). Representative
chromatograms are reported in Fig. 2a and b.

Another sample C was withdrawn after ca. 1 year from the same
plant sketched in Fig. 1 and the analytical figures are reported in
Table 2. In this case d-limonene was the most abundant compound
�-Pinene �-Pinene 3-Carene d-limonene

A 271.15 1357.67 289.10 28.49
C 2.98 1.24 0.59 3.79

Washing water (A) and treated wastewater (C).
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Fig. 3. Relative cell survival after exposure for different times to synthetic solution
of four terpenes present in wastewater. The concentrations of terpenes correspond

parison to that observed with the single compounds was detectable
when the mixture was used. The lack of a time dependent increase

T
R
(

ig. 2. (a) Chromatogram of sample B (2008) and (b) Chromatogram of sample C
2008).

uch higher concentration of terpenes in the effluent before the
reatment.

Moreover, a further sample A corresponding to the washing
ater (2009) was analyzed (Table 2). It should be noted, how-

ver, that also the washing water is treated in the plant (see
ig. 1) along with the wastewater deriving from the transforma-
ion system (sample B). The concentrations of terpenes reported
n Table 2 are 1–3 orders of magnitude higher with respect to the
reated sample C. The analytical figures above presented indicate
n the whole that the industrial biological treatment was quite
ffective, although residual concentrations of terpenes were still

resent in the treated samples. It is worth noting that both the
tarting and the final concentrations of terpenes can change in
n actual situation, depending on the time when the sample was
ollected. Nevertheless the results suggested both to investigate

able 3
elative cell survival and frequency of 6-TG-resistant clones induced by exposure for 1 h to
A, 2008). The reported values are the average of measurements obtained in three indepe

Treatment Relative cell survival (%)

Untreated 100
�-Pinene 54.5 ± 3.7
�-Pinene 58.8 ± 6.2
d-limonene 51.5 ± 8.9
3-Carene 54.7 ± 8.8
to the actual ones found in A (�), B (�), C (�) samples withdrawn in 2008. The
reported values are the average of measurements obtained in three independent
experiments.

on possible mutagenic and genotoxic effects of the four terpenes
and to prove the effectiveness of an advanced oxidation technol-
ogy as heterogeneous photocatalysis to achieve their complete
degradation.

3.2. Clonogenic assay

To asses toxic effects of single terpene, V79 Hamster chinese
cells were exposed to single terpene at concentration corre-
sponding to those revealed in the untreated water (B). Results of
clonogenic assay showed that the survival after exposure for 1 h
to individual terpene decreased at about 50% (Table 3). There-
after, cells were exposed for a longer time (up to 36 h) to aqueous
solutions containing the four terpenes in concentrations corre-
sponding to those revealed in the washing (A), untreated (B) or
treated wastewater (C). The results obtained are showed in Fig. 3.
The shape of the curves indicates that the toxic effects of terpenes
mixture decrease by increasing the time of exposure. In fact, the
cell survival was of 57.71%, 43.2% and 50.9% after 1 h of exposure to
aqueous solutions A, B or C, respectively. On the contrary, for longer
exposure times, the cell survival increased and a plateau was rached
after 24 h. No additive or sinergistic effect on cell survival in com-
of toxicity of the mixture could be due to the high volatility of ter-
penes leading to a decrease of their concentration. Based on these
preliminary experiments, an exposure time of 1 h was chosen for
assessing the genotoxicity of the four terpenes.

single terpene in concentrations corresponding to those present in washing water
ndent experiments (±means standard deviation, SD).

Mutants 6TG resist./106

survivors (T0)
Mutants 6TG resist./106

survivors (T72)

1.4 ± 0.2 1.4 ± 0.2
0.4 ± 0.3 0.8 ± 0.1
0.8 ± 0.6 0.2 ± 0.1
1.9 ± 1.3 1.1 ± 0.2
0.8 ± 0.5 0.2 ± 0.03
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Table 4
Relative cell survival and frequency of 6-TG-resistant clones induced by exposure for 1 h to the mixture of the four terpenes, in concentrations corresponding to those present
in actual wastewater withdrawn in 2008. The reported values are the average of measurements obtained in three independent experiments (±means standard deviation,
SD).

Treatment Relative cell survival (%) Mutants 6TG resist./106

survivors (T0)
Increase versus
untreated T0

Mutants 6TG resist./106

survivors (T72)
Increase versus
untreated T72

Untreated 100 1.4 ± 0.2 1 1.4 ± 0.2 1
A 57.7 ± 2.7 4.1 ± 2.9 2.9 7.8 ± 1.8 5.5*
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B 43.2 ± 6.8 3.9 ± 0.5
C 50.9 ± 4.9 2.1 ± 1.8

* p < 0.025, significant increase.

.3. Mutation assay

In order to evaluate the potential of the four terpenes to induce
ene mutation, we utilized the HGPRT test. The hgprt gene is located
n the X-chromosome and codes for the hypoxanthine–guanine
hospho-ribosyl- transferase enzyme (HGPRT). The HGPRT catal-
ses the conversion of guanine and hypoxanthine, but also of
-thioguanine (TG), the analogue toxic purine, to the corresponding
ucleoside 5′-mono-phosphates. Mutant cells with non-functional
GPRT enzyme do not incorporate TG and thus they are able to

urvive in selective medium containing this analogue toxic com-
ound. The mutagenic effect of each terpene found in washing
ater, was evaluated in V79 cells just after exposure (T0) and in

ells growing for 72 h (T ) before plating them into a medium
72
ontaining TG. Results obtained showed that the exposure at a
ingle terpene did not virtually increase the spontaneous muta-
ion frequency of untreated cells (1.4/106 cells) (Table 3). On the
ontrary, the concurrent exposure to four terpenes affected the

Fig. 4. Concentration of �-pinene (a); �-pinene (b); d-limonene (
.8 8.4 ± 1.5 6.1*

.5 3.9 ± 0.7 2.8

frequency of mutats at the hgprt locus. A significant increase of
the frequency of 6-TG resistant clones at T72 was detected in cells
treated with concentrations corresponding to those determined in
the washing water (A) and in the water collected before the bio-
logical treatment (B), while a slight increase in cells exposed to
terpenes concentrations corresponding to wastewater biologically
treated (C) was observed (Table 4). The results suggest that chem-
ical and biological interactions may occur in the mixture of the
four terpenes. Indeed, a synergistic effect can be noticed for the
mutation frequency, as the effect of the terpenes mixture exceed
that obtained as sum of the net effects of the four components.
However, it cannot be ruled out the possibility that this result can
simply be the consequence of a sublinear dose–response relation-
ship for the single substances. The valutation of the in vitro results

should be considered with caution, although the observed increase
of DNA damage over background level provides the first indication
of the potential deleterious effects of terpenes on environmental
health.

c); 3-carene (d) and CO2 evolution versus irradiation time.
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ig. 5. (a) CO2 evolution versus irradiation time for a run carried out by using a
olution containing the four terpenes at a 2.47 × 10−4 M global concentration and (b)
otal organic carbon concentration versus irradiation time of sample B withdrawn
n 2008.

.4. Photocatalytic experiments

In order to study the adsorption of terpenes onto the sur-
ace of the photocatalyst, preliminary tests were carried out in
he dark without irradiation. These tests indicated that terpenes
carcely adsorb on TiO2. Moreover no reactivity was observed in
uns performed under the same experimental conditions used for
he photo-reactivity experiments but in the absence of catalyst,
xygen or light. It was concluded that the simultaneous presence
f O2, catalyst, and irradiation is needed for the occurrence of
erpenes degradation process. Some results of the photocatalytic
ests carried out on synthetic aqueous terpene solutions are shown
n Fig. 4a–d where the concentrations of �-pinene, �-pinene, d-
imonene and 3-carene and the amount of formed CO2 versus
rradiation time are reported. For all cases the substrate completely
isappeared after irradiation times ranging between 4.5 and 8 h,
epending on the terpene. The appearance of CO2 was observed
imultaneously with the disappearance of terpene. The amount of
hoto-produced CO2 measured in the gas-phase was always lower

han the stoichiometric amount estimated from the complete oxi-
ation of the carbon contained in the starting substrate. However,
he loss of carbon is of the same order of magnitude to that cor-
esponding to the solubility of CO2 in the reactant solution. This
nding indicates that the substrates were completely mineralized
s Materials 185 (2011) 591–597

during the photocatalytic runs. Some experiments were carried out
with a solution containing the four terpenes at a 2.47 × 10−4 M
global concentration corresponding to the sum of those used in
the single component experiment, but only the photo-evolution of
CO2 was monitored (Fig. 5a). Indeed it was not the aim of this work
to study in detail the mutual influence of the terpenes on the pho-
todegradation rate, but only to test if the photocatalytic method
could be in principle applied to a mixture of the studied molecules.
The results showed that also in that circumstance the mineraliza-
tion was complete after 10 h of irradiation, i.e. within obviously a
longer time than when the single molecules were degraded. Finally
a run was carried out by using the actual wastewater (sample B,
2008 untreated wastewater) of the citrus transformation factory.
In Fig. 5b the total organic carbon concentration (TOC) versus irra-
diation time is reported. The disappearance in ca. 11 h of the organic
carbon (the residual TOC was ca. 1 mg l−1, i.e. in the experimental
error of the instrument) indicated that also in an actual situation
where probably other molecules are present, the photocatalytic
technology can be applied.

4. Conclusions

The results presented in this paper indicate that V79 Hamster
chinese cells survival decreased at about 50% after exposure to
each of the four terpenes studied present in wastewater from a
citrus transformation factory, but no additive or sinergistic effect
was detectable when a mixture of terpenes was used. Moreover,
each single terpene did not show any mutagenic significant effect,
whereas the mixture of terpenes at the highest concentrations
induced a mutagenic response that appeared to be synergistic in the
HGPRT assay. The industrial biological treatment was quite effec-
tive, however residual concentrations of terpenes, still present in
the treated samples, induced a slight increase of mutant clones.
Photocatalytic tests carried out by using both synthetic and actual
aqueous effluents in the presence of TiO2 as the catalyst, indicated
the possibility to photodegrade completely all the four terpenes,
similarly to the biological treatment applied in the factory.

In conclusion, we have shown the potential hazard of the mix-
ture of four components of citrus wastewater on environmental
health and we advise that it is very important to evaluate the
genotoxicity of the mixture of all compounds present in the cit-
rus wastewater. The composition of citrus transformation plant
wastewater is highly complex and relevant differences in the muta-
genic response should be expected.
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